Newborns have to cope with hypoxia during delivery and a sudden increase in oxygen at birth. Oxygen will partly be released as reactive oxygen species having the potential to cause damage to DNA and proteins. In utero, increase of most (non)-enzymatic antioxidants occurs during last weeks of gestation, making preterm neonates probably more sensitive to oxidative stress. Moreover, it has been hypothesized that oxidative stress might be the common etiological factor for certain neonatal diseases in preterm infants. The aim of this study was to assess background DNA damage; in vitro H 2 O 2 induced oxidative DNA damage and repair capacity (residual DNA damage) in peripheral blood mononucleated cells from 25 preterm newborns and their mothers. In addition, demographic data were taken into account and repair capacity of preterm was compared with full-term newborns. Multivariate linear regression analysis revealed that preterm infants from smoking fathers have higher background DNA damage levels than those from non-smoking fathers, emphasizing the risk of paternal smoking behaviour for the progeny. Significantly higher residual DNA damage found after 15-min repair in preterm children compared to their mothers and higher residual DNA damage after 2 h compared to full-term newborns suggest a slower DNA repair capacity in preterm children. In comparison with preterm infants born by caesarean delivery, preterm infants born by vaginal delivery do repair more slowly the in vitro induced oxidative DNA damage. Final impact of passive smoking and of the slower DNA repair activity of preterm infants need to be confirmed in a larger study population combining transgenerational genetic and/or epigenetic effects, antioxidant levels, genotypes, repair enzyme efficiency/levels and infant morbidity.
Introduction
Oxygen plays a dual role in biological systems. On one side, oxygen-dependant reactions and aerobic respiration are important for embryonic development, regulatory mechanisms and intracellular signalisation (1) . At molecular level, �95% of the consumed oxygen is reduced to ATP. On the other side, the remaining 5% of the oxygen is released as reactive oxygen species (ROS), especially as superoxide anion (O 2 � ) and hydrogen peroxide (H 2 O 2 ) (2). Overproduction of ROS has the potential to cause oxidative damage to DNA, lipids and proteins. Individual response to oxidative DNA damage is expected to be modulated by non-enzymatic antioxidant levels (vitamin C, vitamin E, bilirubin, uric acid . . .), genetic polymorphisms in antioxidant enzymes (superoxide dismutase, catalase, glutathione peroxidase) and in DNA repair enzymes. ROS can also be found in environmental tobacco smoke (ETS) (3) .
Newborns but especially preterm infants are expected to be prone to oxidative stress. First of all, newborns have to cope with hypoxia during delivery followed by a sudden increase in oxygen at birth, compared to their intra-uterine relatively hypoxic environment. Second, protection against oxidative stress may be insufficient since a 150% increase of antioxidant enzymes occurs during the last 6 weeks of gestation (4) (5) (6) (7) (8) .
Recognition of the potential vulnerability of children and newborns and protection of their health are essential. It has already been shown that their response to genotoxic compounds, toxicants and carcinogens differs from adults (for review, see refs. (9, 10) ). As far as smoking-related DNA damage measured by alkaline comet assay is concerned; statistically, significantly higher levels have been detected in newborns from active smoking mothers compared to newborns from passive or non-smoking mothers (11) . In young children, exposure to ETS at home was associated higher DNA damage levels (12) . To best or our knowledge, no data on smokinginduced DNA damage in preterm newborns are available. As far as oxidative stress in preterm neonates is concerned, Buonocore et al. (13) measured plasma levels of hypoxanthine, total hydroperoxide and advanced oxidation protein products in preterm neonates at birth and on the seventh day of life and detected higher levels in hypoxic preterm compared to control preterm. Another study observed higher urinary levels of 8-hydroxy-2#-deoxyguanosine in sick preterm neonates compared to stable preterm and healthy term infants (14) . BatistaGonzalez et al. (15) showed an increase in micronuclei (MN) frequencies in peripheral blood erythrocytes from preterm born from mothers with certain pathological conditions (such as diabetes mellitus, systematic arterial hypertension or vaginal infection) in comparison with preterm born from healthy mothers. Moreover, oxidative stress is involved in the development of severe diseases like retinopathy of prematurity, bronchopulmonary dysplasia and intraventricular hemorraghe (for review, see refs. (16) (17) (18) ). It has been hypothesized that oxidative stress might be the common etiological factor for these different neonatal diseases, although the real weight of oxidative stress in these pathologies remains unclear.
Until now, the only study assessing susceptibility for oxidative damage in newborns was performed by our laboratory and based on genotype-phenotype relationships (19) . Since no significant differences were found between mothers and their full-term newborn daughters for initial and residual DNA damage, one could assume that full-term newborns are well adapted to cope with oxidative stress. However, no data are available for preterm newborns with a potential immaturity of enzymatic processes.
The aim of this study was to assess background DNA damage, in vitro induced oxidative DNA damage and the capacity to repair the DNA damage in peripheral blood mononucleated cells (PBMCs) of 25 preterm infants and their mothers, using alkaline comet assay. Chromosome/ chromatid loss and breaks and cytochalasin B proliferation index (CBPI) were quantified with the cytokinesis-block micronucleus (CBMN) assay. In addition, repair capacity of preterm newborns was compared with that of full-term newborns from our previous study performed with the same methodology.
Materials and methods

Study population
Twenty mothers and 25 preterm infants were enrolled for this study, including 5 twins processed as singletons. Pregnant mothers were selected based on their non-smoking behavior, although 10% of them admitted smoking during pregnancy when answering the questionnaire. Parents were personally contacted by the neonatologist and signed an informed consent prior to participation. The study protocol was approved by the ethical committee of Saint-Pierre University Hospital in Brussels. Structured questionnaires and medical records were used to obtain information concerning clinical and lifestyle characteristics before and during pregnancy, including maternal age, smoking and drinking behaviour, vitamin supplements, nutritional habits, pregnancy complications, delivery type and type of anaesthesia. The mean gestational age was 32 weeks with a mean birth weight of 1708 g. Folate and vitamin B12 concentrations were measured in a small subgroup and showed all normal values (20) . They were not included in the multiple regression analysis. A total of 40% of the fathers smoked during pregnancy and 70% of the mothers received corticosteroids for foetal lung maturation, at least a week prior to delivery (Table I ).
For comparison, 16 healthy full-term newborn daughters and their mothers from a previous study performed in our laboratory and using the same in vitro challenge repair assay for oxidative damage were included (19) .
Exposure of PBMC Within 24 hours, PBMCs were isolated using Ficoll-Pacque (Pharmacia Biotech, Uppsala, Sweden) and were cultured in Ham's F-10 medium containing 25 mM L-glutamine (Gibco Invitrogen, Paisley, UK), supplemented with 15% foetal calf serum (FCS; Gibco) and 2% phytohaemagglutin A 16 (PHA; Murex Biotech Ltd, Dartford, UK) to stimulate T-lymphocytes immediately. Samples were incubated in 5% CO 2 in a humified incubator at 37°C. After 24-h PHA stimulation, PBMC were exposed to 100 lM H 2 O 2 (Sigma, Belgium) diluted in phosphate-buffered saline (PBS) for 5 min on ice. Control samples contained only PBS to have an idea of the background DNA damage. All exposures (prepared in duplicate cultures) were processed in parallel.
Alkaline comet assay
The assay was performed as described previously by Singh et al. (21) with modifications according to De Boeck et al. (22) . Electrophoresis was conducted for 20 min at 25 V and 300 mA. For each electrophoresis, a positive and negative internal standard was included which consisted of human K562 erythroleukemia cell line (23) untreated or treated with 2 mM ethyl methanesulfonate respectively (24) . Slides were coded before analysis and 100 cells per culture were scored using a Leitz fluorescence microscope (Â25 objective) coupled to a chargecoupled device camera and image analysis system (Komet 3.0; Kinetic Imaging System, Liverpool, UK). The percentage of tail DNA (TD) was considered to be the most reliable DNA damage parameter (24) .
In vitro DNA strand break repair phenotype Repair phenotype was assessed as previously described by Decordier et al. (19) . Per individual six cultures were exposed to H 2 O 2 (diluted in PBS) on ice and two control cultures containing only PBS (control samples to measure background DNA damage). After the 5-min challenge, two cultures exposed to H 2 O 2 and the two PBS control cultures were immediately processed (brought onto slides). The remaining cultures (challenged with H 2 O 2 ) were incubated in fresh medium and left to repair for 15 min and 2 h (5 t x ). All the cultures of the same individual were processed together in the same electrophoresis and in presence of the positive and negative standard. Before calculation of initial or the residual DNA damage, all data [TD (x), TD (PBS), TD (5#)] were divided by the negative standard [TD (untreated K562)]. The percentage damage remaining at a given repair time t x was calculated as follows: p/day: pieces per day, ng/ml: nanogram per milliliter, pg/ml: picogram per mililter, gl/day: glasses per day, n 5 number of subjects and SD, standard deviation.
CBMN assay
The CBMN assay was performed as described previously in earlier papers ((19) ; for review, see ref. (25) 
Statistical analysis
Normality of the variables evaluated by the Kolmogorov-Smirnov goodness of fit test. Since not all data were normally distributed the statistical significance of difference between groups was assessed with the non-parametric MannWhitney U-test. Multiple linear regression analysis with backward selection was used to examine the influence of potential confounders on genotoxic endpoints. Each model included smoking of the father (0 5 no and 1 5 yes), intake of antioxidants during pregnancy (0 5 no and 1 5 yes), gestational age (0 5 �32 weeks and 1 5 .32 weeks), gender (0 5 girl and 1 5 boy) and delivery type (0 5 vaginal and 1 5 caesarean) as independent variables. Since only two mothers of the study population smoked during pregnancy, we decided to investigate the smoking behaviour of the father on the genotoxic endpoints. In order to reduce the number of independent variables and to limit multiple testing, highly inter-correlated independent variables (Spearman's rho correlation) were excluded from the regression model such as gestational age and birth weight and gestational age and administration of corticosteroids. The level of significance was set at P , 0.05 for all statistical analyses. SPSS 16.0 was used to analyse the data.
Results
Genotoxicity and DNA repair phenotype in preterm children and their mothers No significant difference was observed between mothers and preterm newborns neither for background DNA damage (in PBS) nor for initial DNA damage (calculated by subtracting treatment with PBS from treatment with H 2 O 2 diluted in PBS) (Figure 1 ). Residual DNA damage after 15 min was significantly higher in preterm compared to their mothers (P 5 0.028, Mann-Whitney) (Figure 2A) . After 2 h, more residual DNA damage was observed in preterm neonates compared to the mothers but this difference was not statistically significant anymore ( Figure 2B) .
At chromosomal level, significantly higher background (in PBS only) MNBN frequencies were found in mothers compared to the preterm children (P 5 0.014) ( Figure 3A) . Only in preterm children, H 2 O 2 exposure induced a significant increase in both MNBN (P 5 0.017) and MNMONO (P 5 0.011) levels compared to untreated control samples ( Figure 3B) . CBPI values did not differ significantly neither between preterm and their mothers nor between H 2 O 2 exposure and PBS control samples ( Figure 3C ).
Comparison of DNA repair capacity between preterm and fullterm children and their mothers Residual DNA damage after 15 min of repair revealed no significant difference between preterm and full-term children nor between their respective mothers ( Figure 4A ). After 2 h of repair residual DNA damage was the highest in preterm children and lowest in full-term children when compared with the mothers, although differences were not significant ( Figure  4B ). Residual DNA damage after 2 h was comparable between mothers of preterm or full-term children, respectively.
Multiple linear regression analysis
Multiple regression analysis with backward selection method was performed only on the preterm newborns and taking into account smoking of the father, intake of antioxidants during pregnancy, gestational age, gender and delivery type as independent variables to investigate their influence on background, initial and residual DNA damage levels (Table II) . This resulted in statistically significantly more background DNA damage in preterm infants with smoking fathers compared to preterm infants with non-smoking fathers. More residual DNA damage after 15 min was observed in preterm born with a vaginal delivery compared to those born with a caesarean.
Discussion
The present study characterizes background DNA damage and susceptibility of 25 preterm newborns and their mothers to H 2 O 2 induced DNA damage, taking into account demographic data and using specific biomarkers for exposure, effect and susceptibility. In addition, inclusion of 16 healthy full-term newborns and their mothers from a previous study performed in our laboratory with the same methodology allowed comparison of repair phenotype between preterm and full-term for in vitro induced oxidative DNA damage. The strengths of this pilot study are the assessment of genotoxicity parameters with both comet assay (TD) and CBMN assay (MNMONO, MNBN and CBPI) in combination with repair capacity (residual DNA damage), while a weakness lies in the relatively limited number of study subjects. To the best of our knowledge, this is the first study comparing oxidative DNA damage and repair capacity of the induced damage between preterm infants and their mothers; other studies investigated oxidative stress but not DNA damage in preterm newborns but in Preterm oxidative DNA damage repair relation to a certain medical outcome (13) (14) (15) 26) . Our findings can contribute in a future phase to understand whether complications related to oxidative stress in preterm infants could be explained by altered DNA repair capacity due to prematurity per se, genetic factors, environmental factors or to others. Individual response to oxidative DNA damage is expected to be modulated by none-nzymatic antioxidant concentrations and genetic polymorphisms in antioxidant and DNA repair enzymes. In this study, we focused on the DNA repair enzymes. We assumed that the background DNA damage we measured ex vivo/in vitro reflects mainly damage induced in utero and during delivery and that for the same exposure, it may differ according to genotype and antioxidant levels (i) among preterm and (ii) between preterm and their mothers ( Figure 5 ). Major determinants of initial DNA damage (DNA damage after 5# in vitro exposure to H 2 O 2 ) are background DNA damage, dosage of in vitro H 2 O 2 treatment, very quick repair and antioxidant levels ( Figure 5 ). Only the latter will be of importance since in the formula we used, we standardized for background DNA damage and H 2 O 2 exposure as well as culture conditions, are equal. The timings selected to assess residual DNA damage (15 min and 2 h) are based on previous validation studies (19, 27, 28) . These data, corrected for both background and initial DNA damage, reflect individual repair capacity between the selected time points and are expected to be modulated mainly by the repair genotype ( Figure 5 ). We found no significant difference between preterm and their mothers, neither for background DNA damage (in PBS) nor for initial DNA damage (with H 2 O 2 treatment). These data are in agreement with previous findings published by Decordier et al. (19) although those were performed on 17 mothers fullterm daughter pairs. It is known that the increase in antioxidant enzymes occurs during the last weeks of gestation (for review, see ref. (8)) and several studies showed lower enzymatic antioxidant activity (5, 29, 30) and non-enzymatic antioxidant concentrations (5, 6, (31) (32) (33) (34) in preterm newborns compared fullterm and adults with an increase after birth (35, 36) . The only exception is vitamin C, showing higher levels in preterm newborns compared to adults (30, 32, 34) . After 15-min and 2-h repair, residual DNA damage was higher in preterm compared to the mothers, although the difference was not statistically significant for the latter. These results suggest a slower DNA repair capacity of preterm newborns compared to the mothers. However, the assessment of the final result in terms of mutations and risk requires additional experiments.
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In order to verify a potential vulnerability of preterm infants to oxidative stress, we compared them to term mother-infants pairs from a previous study performed with the same methodology (19) . After 15 min of repair residual DNA damage was comparable between preterm and full-term newborns, while after 2-h residual DNA damage was higher but not significantly in preterm compared to full-term newborns. Compared to their mothers, preterm infants repaired significantly slowlier at 15 min and this was maintained but not significantly at 2 h. On the other hand, term newborns repaired slowlier at 15 min but better at 2 h, being more efficient than their mothers. These findings indicate slower DNA repair capacity in preterm infants. The mothers in both groups showed similar repair capacities. The difference in repair response between preterm and full-term newborns and between preterm newborns and their mothers can be due to different efficiencies or levels of repair enzymes as a consequence of genetic or epigenetic changes and/or to different genotypes. Functional studies of DNA repair enzymes in relation to genotype, gestational age and exposure (e.g. smoking) will help to clarify the question. Up to now, this issue was addressed only in adults and for a restricted number of DNA repair enzymes (e.g. OGG1) (37) .
All together, the lower antioxidant enzyme activity, the lower non-enzymatic antioxidant levels and the lower repair capacity in preterm infants in comparison with their mothers could amplify their vulnerability when oxidative damage is already induced prenatally. Moreover, the health impact of common postnatal pro-oxidative treatments and inflammation in preterm newborns with less efficient repair capacity needs further investigation.
As to T-lymphocyte proliferation rate of preterm infants, we observed lower median CBPI values than those observed in previous studies in newborns (19, 38) . Since the response of T-lymphocytes to PHA stimulation in umbilical cord blood is less efficient than in peripheral blood from adults, we expected lower CBPI values in preterm newborns compared to their mothers (39) . This was only observed after H 2 O 2 treatment. Background MNBN frequencies were higher in mothers compared to preterm newborns, thereby confirming the age factor (19, 38, (40) (41) (42) (43) (44) . The frequencies of MNMONO and MNBN were, as expected, higher after H 2 O 2 exposure than in control samples both in mothers and newborns but only significant in the latter. In general, mean MNBN background values in preterm were comparable with the findings of Batista-Gonzalez et al. (15) in erythrocytes of preterm children and median levels were higher than those measured in T-lymphocytes from full-term neonates (15, 19, 38, (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) . This might suggest that indeed a lower efficiency of DNA repair for oxidative damage encountered before birth leads to the induction of chromosome breakage expressed as MN during the ex vivo/in vitro culture step. No further analysis was performed because of the limited number of subjects with available MN data.
In order to find the major determinants of genotoxic effects in preterm children, multiple linear regression analysis was performed on preterm infants taking into account smoking of the father, intake of antioxidants during pregnancy, gestational age, gender and delivery type. The results demonstrated higher background DNA damage in preterm from smoking fathers compared to preterm newborns from non-smoking fathers. ETS is a complex mixture of particulate matter comprising numerous compounds, including polycyclic aromatic hydrocarbons and ROS (3) . Recent experiments in mice showed that ETS is a male germ cell mutagen ( (51, 52) ; for review, (53)), whereby the effects observed by us might be related to either preconception or postconception (in utero) exposure. In human, higher levels of DNA breaks were observed in sperm DNA obtained from smokers compared to non-smokers (54, 55) . It is also well known that the placenta is not a barrier preventing ETS to reach the foetus since concentrations of tobacco smoke components were detected in foetal and amniotic fluids (56, 57) . Moreover, a significant correlation between maternal and foetal cotinine levels has been observed in serum as well as in plasma (56, (58) (59) (60) . It has been shown that in utero exposure to tobacco smoke (from both active and passive smoking) can lead to DNA adduct formation in the newborn, chromosomal instability and changes in DNA methylation (49, 59, (61) (62) (63) (64) (65) . Only few studies revealed no noticeable effect of tobacco smoke on DNA damage in newborns (58, 66, 67 (69) showed no significant difference between 8-oxodG levels in newborns from mothers exposed to ETS and unexposed to ETS. Recently, total antioxidant capacity levels measured in cord blood, placenta and maternal peripheral blood were found significantly lower in smoking mothers compared to nonsmoking, in parallel with significantly higher total oxidant status and oxidative stress index (70) . Multiple regression analysis revealed more residual DNA damage after 15 min of repair in preterm born by vaginal delivery compared to caesarean delivery. After 2 h, the difference is still there but not statistically significant anymore. It is generally known that labor induces oxidative stress (71) . One might hypothesize that the physiological hypoxemia during vaginal delivery conducted to the utilization of the antioxidant defences, whereas in the normoxemic planned caesarean section, this is not the case. A possible explanation for the less efficient repair capacity might be a slower cell cycle, possibly favored by prenatal administration of corticosteroids to the mother. This hypothesis should be confirmed by additional experiments taking the CBPI values into account in a larger study population. Another explanation might be altered DNA methylation. Recently, Schlinzig et al. (72) observed significantly higher global DNA methylation in white blood cells of newborns delivered by caesarean compared with levels in newborns after normal vaginal delivery. Although it is currently unknown how gene expression is affected, one might assume that there could be a different regulation of DNA repair enzymes.
In summary, we can conclude that preterm newborns show a slowlier repair of in vitro induced oxidative DNA damage compared to their mothers and to full-term newborns. Moreover, preterm infants born by vaginal delivery repair more slowly the induced oxidative DNA damage than those born by caesarean section. A mechanistic explanation for this is not available and requires additional studies assessing functional activity of the repair enzymes according to genotype, gestational age and delivery type. Additionaly, preterm from smoking fathers have higher background DNA damage levels than newborns from non-smoking fathers. This finding confirms the major concern raised by other studies about the health effects of passive smoking on the progeny. Final impact of the observed slower DNA repair activity and of passive smoking in terms of mutations need to be confirmed in a larger study population combining transgenerational genetic and epigenetic effects, antioxidant levels, genotypes and repair enzyme efficiency/levels and infant morbidity. 
